We make use of the strong spin-charge coupling in the electron-doped cuprate Nd 2−x Ce x CuO 4 to probe changes in its spin system via magnetotransport measurements. We present a detailed study of the out-of-plane magnetoresistance in underdoped single crystals of this compound, including the nonsuperconducting, 0.05 ≤ x ≤ 0.115, and superconducting, 0.12 ≤ x ≤ 0.13, compositions.
I. INTRODUCTION
The parent compounds of the high-temperature cuprate superconductors are known to be antiferromagnetic (AF) Mott insulators and become metallic upon charge doping. Unlike the hole-doped cuprates, in which the long-range AF order is suppressed already at low doping, the electron-doped compounds remain AF up to at least the superconducting (SC) doping range [1] . However, whether the AF order coexists with superconductivity, and if yes, to which extent, remains a matter of controversy. A number of neutron scattering and muon spin relaxation studies sensitive to the magnetic structure suggest a static or quasistatic AF order in the electron-doped cuprates over a large part of the SC doping range [2] [3] [4] [5] [6] , others set the limit of ordering at the lower border of superconductivity [7] [8] [9] [10] [11] .
Most of angle-resolved photoemission spectroscopy (ARPES) experiments indicate a Fermi surface reconstruction ascribed to AF ordering up to optimal SC doping [12] [13] [14] [15] , whereas in a very recent work [16] only short-range AF fluctuations have been detected throughout the SC region. Furthermore, magnetic quantum oscillations show that the Fermi surface is still reconstructed up to the upper border of the SC doping range [17] [18] [19] . However, it is not clear whether this reconstruction is caused by the AF order or by the recently detected charge-density modulation [20, 21] .
Classical magnetotransport has extensively been used for exploring the electronic state of electron-doped cuprates and in particular for searching for manifestations of magnetic ordering [18, 19, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . An obvious advantage of transport measurements in comparison to surface sensitive methods, such as scanning tunneling microscopy or ARPES is that they probe bulk properties throughout the sample. Unlike neutron or magnetization techniques, they can be done on very small samples, which are easier to obtain with the required crystal quality. Furthermore, being sensitive specifically to the conducting system, they do not suffer from the presence of spurious insulating phases caused, e.g., by postgrowth annealing [8, 34] . On the other hand, the charge or heat transport is of course only an indirect probe of the magnetic state. Fortunately, some prominent transport features can be shown to directly correlate with transformations in the AF spin structure and as such can serve as unambiguous indications of magnetic ordering in these compounds. A remarkable example is the sharp step in magnetoresistance found in Pr 1.3−x La 0.7 Ce x CuO 4 [22] , Nd 2−x Ce x CuO 4 (NCCO) [23, 24] at low doping and in as-grown (non-SC) Pr 1.85 Ce 0.15 CuO 4 [25] crystals. This step is caused by the phase transition between the noncollinear orientation of the Cu 2+ spins in adjacent layers, which is stable at zero magnetic field, to the high-field collinear AF state [35, 36] .
Here we present another magnetotransport feature which can be considered as a fingerprint of the AF state in the electron-doped cuprates. We have carried out systematic studies of the interlayer magnetoresistance of underdoped NCCO single crystals with the Ce concentrations near the border of the SC range of the phase diagram. Besides the sharp step in the field-and angle-dependent magnetoresistance, corresponding to the transition between the collinear and noncollinear states, we have observed a prominent hysteretic feature in the high-field, collinear state at field orientations around the [100] direction. While this feature is similar to the hysteretic anomaly reported earlier for strongly underdoped NCCO and attributed to the ordering of Nd 3+ spins [27] , it is found to persist at temperatures strongly exceeding the Néel temperature of the Nd 3+ system. We propose a qualitative explanation of this anomaly based on the model of the field-dependent orientation of Cu 2+ spins in the collinear state. Interestingly, the high-field hysteretic behavior has been found not only on the non-SC samples but also on the SC samples . This result points to the coexistence of superconductivity and antiferromagnetism, at least, near the lower edge of the SC doping range.
II. EXPERIMENT
Single crystals of NCCO with Ce concentration in the range x = 0.05 − 0.13 were grown with the traveling solvent floating zone method, as described earlier [37] . were non-superconducting (non-SC). The resistivity of the x = 0.115 sample showed a tiny, ≈ 3% downturn below T = 7.7 K. Although this indicates the presence of a very small fraction of superconducting volume, we refer to this sample as non-SC. The samples with x = 0.12, 0.125, and 0.13 had a full SC transition according to resistivity and zero-fieldcooling SQUID magnetization measurements.
The electrical contacts were prepared for 4-probe measurements of the interlayer resistance, using conducting Ag-based epoxy as described in Ref. [18] . The contacted samples were mounted on a rotatable platform so that the rotation axis was parallel to the [001] direction. The platform was placed in the center of a superconducting solenoid, with the rotation axis perpendicular to the solenoid axis. Thus, the external magnetic field was always directed perpendicular to the current and parallel to the CuO 2 layers, and a continuous in situ rotation of the samples with respect to the field direction was possible. , where the high-field collinear AF state is already more stable at this field strength [22, 23, 27] . With increasing B, the angular range, in which the noncollinear state with a relatively low magnetoresistance exists, becomes more narrow.
The transition to the collinear state, seen for both samples as a step in magnetoresistance, gradually shifts towards [100]. Eventually the collinear state is set in the entire angular orientation had a strong effect on the mixed-state resistivity. As a result, the shape of the R(ϕ) curves below T c,o was mainly governed by the variation of the tiny out-of-plane field component, making it impossible to detect weak normal-state magnetoresistance features.
Therefore our studies were focused on temperatures above T c,o .
As a typical example, angular up-and down-sweeps recorded for the x = 0.13 sample at T = 27 K, B = 14 T are shown in Fig. 2 . Like in the case of the non-SC samples, the hysteresis and accompanying step-like feature are clearly observed and the width of the hysteresis grows with increasing magnetic field. Qualitatively the same behavior has been found for all the other SC samples studied. as on other samples used in the experiment. We note that a similar sharp step can be seen in the AMR of a low-doped, x = 0.025, NCCO crystal at T = 100 K, B = 12 T reported by Chen et al. [23] . Although only one sweep direction was shown in that work and no comment on hysteresis was made, it seems to be directly related to the feature discussed here.
The temperature dependence of the hysteresis width at 14 T, ∆ϕ 14T (T ), is shown in to temperatures below ∼ 60 − 70 K. Nevertheless, within the available T range, the SC samples exhibit the same trend as the non-SC ones. For example, for the x = 0.13 sample shown in Fig. 4 ∆ϕ grows with increasing the temperature above 20 K and passes through a broad maximum. The only quantitative difference is that the temperature of the maximum, 40 K, seems to be somewhat lower than for the lower doped, non-SC samples.
In Fig. 5 we compare the hysteresis width obtained for different x at T = 25 and 60 K.
There is significant scattering. On the one hand, this is caused by a relatively large error bar, especially at the higher temperature, due to the weakness of the feature. On the other hand, one has to keep in mind a possible dependence of the hysteresis on sample quality.
Nevertheless one can trace a general trend of increasing ∆ϕ with increasing the doping level. suggestion has to be verified by direct investigations of the magnetic structure in this doping range. We note that the lower critical temperature in Fig. 4 , < ∼ 20 K, is considerably lower than the temperature of the transition between the phases II and III, T N,2 ≈ 30 K, found for x = 0 and 0.025 [23, 24] . This difference is not very surprising, taking into account possible modification of magnetic properties when approaching the SC doping range. Indeed, this temperature seems to be the lowest for the highest doping, x = 0.115, which is already very close to the SC region of the phase diagram.
The hysteretic behavior of the AMR gives rise to an interesting memory effect in the field-dependent magnetoresistance. In Fig. 6 we show a sequence of low-T field sweeps on a x = 0.10 sample illustrating this effect. First, the sample is cooled down to 1.4 K at B = 0 a field sweep is done up to 14 T at ϕ 0 = −0.6 • , curve 1 in Fig. 6 . A sharp step at B c ≈ 3.6 T indicates the transition into the field-induced collinear AF state (see Appendix) [42] . Next, at the constant field, the angle is changed to positive ϕ 1 = 9.4
• and the field is driven down at this angle. Expectedly, since the field is now more strongly tilted from the new in the down-sweep is, that the field-dependent magnetoresistance exhibits a step in the high-field region, at B * ≈ 10.5 T, see curve 2 in Fig. 6 . Subsequent field sweeps up (curve 3) and down (curve 4) done at the same orientation show a fully reversible behavior with the kink at B c but without the high-field step. To reproduce the step, one has to apply a high enough field and turn it, passing through the [100] direction, to an angle ϕ 1 , such that |ϕ 1 | < ϕ * (ϕ * is the half-width of the hysteresis in the corresponding constant-field AMR pattern). Then the high-field step will be observed upon decreasing the field. It is also sufficient to apply the field exactly along [100] and then turn it to ϕ 1 before sweeping the field down. However, once the angle ϕ 0 of the initial up-sweep is on the same side from
[100] as ϕ 1 , the down-sweep becomes fully reversible with no feature in the high-field state.
Following the described sequence, we were able to reproduce the high-field step-like feature in the field-dependent magnetoresistance on all the samples studied, on the non-SC as well as on the SC ones.
The position of the step in the field down-sweep depends on the field orientation, as shown in the inset in Fig. 6 : the smaller ϕ 1 , the lower the characteristic field B * , at which the magnetoresistance relaxes back to the reversible behavior. Simultaneously the height of the magnetoresistance step at B * decreases. This is of course consistent with the field dependence of the AMR hysteresis loop in Fig. 1 , which becomes narrower and smaller in magnitude at lowering the field.
IV. DISCUSSION
As follows from the data in Fig. 1 [27] ascribed a similar anomaly found in low-doped NCCO to the ordering of Nd 3+ spins.
While the temperatures reported in that work, T ≤ 5 K, were indeed not far away from the Néel temperature of the Nd 3+ subsystem, we observe this behavior up to much higher temperatures, above 100 K. Therefore, its origin should rather be associated with the Cu
2+
spins, which remain ordered at these temperatures [6, 39] . can be expressed as [35, 36] :
where E 0 is determined by the inplane exchange interaction, 
The two branches of this dependence (corresponding, respectively, to different signs of the first term) are shown in Fig. 7 (a) for a field of B = 14 T directed at ϕ = 0 • and 10
• .
As mentioned above, the energy exhibits two equal minima for ϕ = 0 • , at α in the collinear state one should expect a formation of domains with staggered moments directed as shown by dotted arrows in Fig. 7(a) . This degeneracy is lifted once the field is • from the negative side. When ϕ crosses zero, the global minimum jumps discontinuously from α < α − 0 to α > α + 0 and then goes on deepening and shifting to α 2 as ϕ reaches ϕ 2 . However, the "−" branch of Eq. (2) still has a local minimum at angle α 2,m < 90
• . If the energy barrier δE between the two minima ( Fig. 7(b) ) is high enough, most of the spins still remain in the metastable state with α 2,m . As the field is further tilted away from [100], the barrier is reduced and at a critical angle ϕ * the spins relax to the equilibrium orientation at α > 90
• . Obviously, the same evolution is expected of a rotation of the field in the opposite direction. Due to the strong spin-charge coupling in our system, the described field-induced spin reorientation effects should be seen in the magnetoresistance, which is qualitatively consistent with the hysteretic AMR behavior observed in our experiment.
So far we were only considering the Cu 2+ spin system. As to the Nd 3+ spins, they appear to be indirectly involved in the observed phenomena. This is evidenced, for example, by an anomaly in low-temperature angle-dependent magnetization, strongly dominated by Nd 3+ , which has been found in magnetic fields slightly tilted from the [100] axis [27, 43] . Due to the exchange interaction with Cu 2+ , the orientation of the paramagnetic Nd 3+ spins is sensitive to the changes described above. This, in particular, may be a reason for an enhancement of the hysteretic feature at low temperatures, at which the magnetic susceptibility rapidly grows [27] . However, the basic origin of this behavior lies in the field-induced rearrangement of the antiferromagnetically ordered Cu 2+ spins.
While the presented model explains, at least qualitatively, the existence of the hysteresis in the angular sweeps, its dependence on the field strength remains an open question.
According to Eq. (2), an increase of the field should lead to a shift of the energy minima closer to 90
• and to a reduction of the energy barrier between the metastable and stable states. Therefore one would expect that the hysteresis width ∆ϕ reduce at a higher B. This apparently contradicts the data in the inset of Fig. 1(b) , showing a clear increase of ∆ϕ, as the field increases from 6 to 15 T. This result should be taken into account for a further development of the theoretical model [35, 36] . On the other hand, the limiting case of very high fields predicted by the theory seems to be quite robust. Indeed, it is natural to expect that when the Zeeman energy significantly exceeds the other relevant energy terms, the staggered moment should align precisely perpendicular to the B and the hysteresis should vanish. Thus, it would be interesting to study the AMR behavior at higher fields to check whether the ∆ϕ(B) dependence reaches a maximum and turns to a decrease.
Another point which should be better understood is the evolution of the hysteresis with temperature. It is clear that the magnetic energy changes at the transitions between the phases I, II, and III induced by temperature. As mentioned above, this may be a reason for the nonmonotonic temperature dependence of the hysteresis width shown in Fig. 4 . However, a more detailed analysis of the data would require a further development of the theory.
The presence of the hysteresis in the AMR of the SC samples, implies that superconductivity and steady AF order coexist at least in the narrow interval 0.12 ≤ x ≤ 0.13 on the border of the SC doping range. Noteworthy, a weak hysteretic anomaly has also been found in the interlayer magnetoresistance of a SC sample with x = 0.13 for an out-of-plane rotation in a strong magnetic field [18] . While the exact reason for the latter anomaly needs a separate investigation, it is most likely related to the AF ordered magnetic system. At present we cannot rule out a slight inhomogeneity of cerium distribution or oxygen defects as possible reasons for the existence of two phases in a crystal. However, the subtle differ- direction. It is accompanied by an irreversible step of magnetoresistance in magnetic-field sweeps performed in a certain sequence. Remarkably, the same high-field anomaly is also found in the normal-state magnetoresistance of the SC samples.
The hysteretic AMR can be qualitatively explained in terms of reorientation of the AF ions, which was suggested to be responsible for the similar behavior in low-doped NCCO [27] .
Within the existing theoretical model [35, 36] it is still unclear why the hysteresis width would temperatures [40, 41] . Therefore it is expected to exhibit the same behavior at high fields, but with the hysteresis width monotonically depending on temperature.
Finally, the observation of the hysteretic anomaly in our SC samples indicates that the long-range AF order survives up to the SC doping range, at least at temperatures above T c .
However, one needs further purposeful studies on samples with well defined crystal quality in the doping range close to the border of the SC region to understand how the two orders coexist and to eliminate possible spurious effects of chemical inhomogeneity. shown in the inset in Fig. 8(b) , has a step at ≈ 3.8 T which is likely associated with this transition.
For the x = 0.05 sample the smooth part of the field-dependent magnetoresistance, shown in Fig. 8(a) is very different at B [100] and B [110]: it has a strong positive slope in the former case and is almost flat, just weakly negative in the latter. A qualitatively similar, though somewhat stronger, anisotropy has been found on lower doped samples, x = 0.025 and 0.033 [23, 27] as well as on low-doped Pr 1.3−x La 0.7 Ce x CuO 4 [22] . As doping is increased to x = 0.09, the anisotropy inverts and becomes much weaker, see Fig. 8(b) ; both R(B)
curves have negative slopes and are almost parallel to each other, slowly saturating towards high fields.
